O were determined at temperatures from 0.01 to 10 T 9 . The parametrization of the total reaction rate with a simple form is performed, which allows to obtain  2 equal to 0.06 with 5% errors of the calculated rate.
Introduction
Continuing to study processes of radioactive capture, we consider р 14 N  15 О capture in framework of a modified potential cluster model (MPCM) with forbidden states (FS), 1,2 which effectively take into account Pauli exclusion principle. 3 First of all, the process with capture to the fourth excited state (4 th ES) of 15 O at an excitation energy of 6.79 MeV is considered, since it makes the greatest contribution to total Sfactor. The astrophysical S-factor of capture to the 4 th ES at low energies has the largest value compared to capture to other bound states (BS), reaching, apparently, up to 70-80% of total S-factor of capture. This is a reason for primary consideration of the Sfactor of the capture to the 4 th ES, and not to the ground state (GS) of 15 O, as usually we considered other capture reactions. 1, 2 In this work we present materials earlier partially published in Refs. 4 , determine mixed with possible spin values of channel S 1 and S 2 state with a given total J and orbital L moments.
In conclusion, we consider capture reaction with transition to the ground state of 15 O, under assumption that it is a mixture of 2+4 P 1/2 states. We note that quantitative agreement with available experimental data for the р 14 N  15 Оradiative capture process to the GS, using 2+4 P 1/2 waves, have not been achieved. After reviewing quite a lot of different works, we came to conclusion that no one had yet succeeded in describing these data when capturing to the GS based on any model calculations.
In particular, known to us attempt to find a qualitative explanation of failures in describing proton capture on 14 N to the GS of 15 О was made earlier in Ref. 9 and carried out on basis of the shell model (SM). Apparently, this is only work where "problem" of ground state is discussed within framework of structural features of SM. In intermediate coupling model, wave function (WF) of the GS is written as a superposition of two components whose amplitudes can be varied. However, as authors point out, root causes for determining absolute values of weighting factors A and B, which define corresponding cross sections, have not been found until now. As a result, it is also not possible to correctly describe experimental S-factor capture to the GS of 15 O in this work, although all the known data for capture to the ES are described quite accurately.
In addition, Ref. 10 presents results of calculations of 34 processes, both radiative capture of protons and other reactions at astrophysical energies in a potential model (PM). This includes р 14 N  15 О capture process to the GS and all excited 15 O states. It seems to us that these calculations are essentially fit for experimental data, since each of the partial cross sections is normalized to its value at resonance, and then it is proposed to consider such cross section as reliable. Our comments, however, should not be taken as a criticism of these results, but only as brief explanations of the work done in Ref. 10 , which can also be useful, especially at this stage of consideration of the reaction.
There are two more works, in the first of which only proton capture on 14 N to the 4 th ES of 15 O was considered within framework of potential model, 11 as well as Ref. 12 , in which the same capture to 4 th ES, and the potentials between the particles of 16 reactions considered were based on the convolution model of M3Y potentials. 13 However, the capture to the GS in these papers was not considered at all.
As a result, we were unable to find any theoretical calculations within, for example, RGM or "ab initio" methods for astrophysical characteristics of this reaction. It seems that almost all of available works, with exception of the above, is limited to only R-matrix processing of existing experimental data. And since the quality of this data leaves much to be desired, results of R-matrix analysis, which uses dozens of fitting parameters, performed in different works and different years, differ greatly among themselves (see, for example, Refs. 14,15 and references in them to earlier works).
Physical aspects of the used method
The presence of an FS in a two-particle single-channel MPCM is determined on the basis of classification of orbital states of clusters according to Young diagrams. 3 In our approach potentials of intercluster interactions for scattering processes are based on the reproduction of elastic scattering phase shifts of considered particles with their resonance behavior or based on structure of spectra of resonance states of final nucleus. For BS of nuclei formed as a result of capture reaction in cluster channel, which coincides with the initial particles, intercluster potentials are constructed based on the description of binding energy of these particles in final nucleus and some basic characteristics of such states (see, for example, Refs. [16] [17] [18] . Usually, these are charge radius and asymptotic constant (AC), meanwhile, the characteristics of clusters connected in nucleus are identified with characteristics of the correspondent free nuclei. 19 The single-channel and two-body character of model is obviously idealization, since it assumes that in the BS nucleus has 100% clusterization in a certain twoparticle channel. Therefore, success of this cluster model in the description of system of A nucleons in a bound state is determined by the fact that the BS clusterization of such nucleus in the two-particle channels is large. 20 However, some nuclear characteristics of individual, even non-cluster nuclei, in certain reactions may be caused mainly by one distinct cluster channel, with little contribution from other possible cluster configurations. In this case, the used single-channel two-cluster model makes it possible to identify the dominant cluster channel and to highlight some of the basic properties of such a nuclear system that are determined by them.
1,2,19
Astrophysical aspects of the reaction
The considered proton capture reaction on 14 N to various BS of 15 O is included in CNO cycle of thermonuclear processes, which largely determine energy release processes of our Sun and, possibly, many stars of our Galaxy. Apparently, a fairly modern description of astrophysical applications associated with the reaction of radiative proton capture on 14 N is given in review paper. 21 In particular, it is shown that globular clusters are the oldest stellar formations. Their age coincides with time of first star's formations in the Universe and provides an independent check of reliability of standard (and non-standard) cosmological models. The main sequence stars currently observed in globular clusters have masses smaller than mass of the Sun. These low-mass stars burn in their center, mainly due to the thermonuclear pp-chain.
However, at the end of their lifetime, when central fraction of hydrogen mass becomes less than about 0.1, nuclear energy emitted by H-burning becomes insufficient and core of the star contracts, which leads to energy extraction from its own gravitational field. Then, central temperature and density increase, and burning process of the star switches from the pp-chain to a more efficient CNO-cycle. However, bottleneck of CNO cycle is the 14 N(p,γ) 15 O reaction considered here -radiative capture of proton on 14 N. There was a long-standing problem between observations and stellar models. It has been long observed overproduction of all chemical elements above carbon by a factor of 2 or more. This discrepancy was resolved by using a lower reaction rate 14 N(p,γ) 15 O for evolution of chemical elements. 21 So, it can be considered that the 14 N(p,γ) 15 O reaction considered here is of great importance for various tasks and study of its mechanism plays an important role for nuclear physics, since so far it has not been possible to describe capture on the GS in the frame of certain model. Such a reaction, as it was shown above, plays an important role for nuclear astrophysics and its consideration in framework of nuclear physics methods should make it possible to determine real form and magnitude of the reaction rate. 14 
Analysis of cluster states of N+

N system
Turning to analysis of cluster states of N+ 14 N system with formation of 15 N or 15 О, we note that classification of orbital states of 14 C in the n 13 C system or 14 N in the p 13 C channel according to Young diagrams were considered by us earlier in Ref. 22 . However, since we do not have total tables of Young diagrams products for system with more than eight particles, 23 which we used earlier for similar calculations, 1, 2 results obtained further should be considered only a qualitative assessment of possible orbital symmetries in the BS of 15 О and 15 N nuclei for channels under consideration.
State classification by Young diagrams
At the same time, based on such a classification it was quite acceptable to explain available experimental data, for example, on radiative capture for N 2 14 C and n 14 N Refs. 2,22 systems. Therefore, here we will use the classification of cluster states according to orbital symmetries, which leads to a certain number of bound FS and allowed states (AS) in partial intercluster potentials, and, therefore, to a certain number of nodes for relative cluster motion wave function.
Furthermore, we assume that for 14 А nucleus, we can accept the Young orbital diagram in the form {4442}, therefore for the N+ 14 А system in framework of 1p-shell we have {1}  {4442}  {5442} + {4443}. 20, 23 The first diagram is compatible with orbital momenta L = 0 and 2, and is forbidden, since there cannot be five nucleons in s-shell, 3, 20 and the second one is allowed and compatible with orbital momentum L = 1.
Thus, limited with only the lowest partial waves with orbital momenta L = 0, 1, 2, we can say that for the n 14 C system 22 (for 14 С we have J  ,Т = 0 + 1 Ref. 26 ) in potential 2 S 1/2 wave there are forbidden and allowed state. The last of them corresponds to the GS of 15 С with J  = 1/2 + and is located at binding energy of the n 14 C system -1.21809 MeV. 28 The potentials of the 2 We find similar situation for the р 14 N system -in potentials of the S and D scattering waves there is a forbidden bound state, and the Р 1/2 wave has only the AS, which corresponds to the GS of 15 О with J  = 1/2 -and is at the binding energy of the р 14 N systems equal to -7.2971 MeV. 26 It is possible to match spin-mixed 2 Р 1/2 + 4 Р 1/2 states, which lead to the same total moment, with this ground state of 15 О with the 14 N cluster in its GS. The question of possibility of the 14 N cluster excitation and using the D 1/2 wave of 15 O nucleus for the GS are discussed further. Fig. 1a .
Furthermore, we consider the spectrum of some resonance states in the р 14 N system (see Fig. 1a We did not consider some states and did not list them in Fig. 1a , if they have not well defined moment. 26 Levels of small width with high excitation energy (greater than 1 MeV), as well as states at energies above 3.2 MeV, were not considered. All these resonances in experimental data of the proton capture on 14 N used by us are not observed. One of the reasons is due to the large energy step in measurements of total cross sections.
At energies up to about 3.5 MeV, there are no resonance levels of wide width that could be compared with doublet or quartet P scattering waves Refs. 26 and 28 in spectra of 15 О. Therefore, phase shifts of these partial waves can be taken equal to or close to zero, and since there are no bound forbidden states in the P waves, the depth of these potentials as the first option (the second is considered further), can simply equal to zero.
Calculation method
Astrophysical S-factors characterize behavior of the total cross section for nuclear reaction when energy tends to zero, and are defined as follows
where (NJ,J f ) is the total cross section of the radiative capture process in barn, Е cm is a particle energy, usually measured in keV, in center of mass system,  is a reduced mass of particles in initial channel in amu, Z 1,2 are particle charges in units of an elementary charge and N is E or M transitions of the J th multipolarity to final J f state of the nucleus. The value of numerical coefficient 31.335 is obtained on basis of modern values of fundamental constants.
are total spins and moments of particles of initial (i) and final (f) channels, m 1 , m 2 are particle masses of initial channel, I J -integral of the wave functions for initial  i and final  f state, as functions of relative motion of clusters with intercluster distance r.
For consideration of the magnetic М1(S) transition, caused by spin part of magnetic operator, 34 using expression, 35 one can get Refs. 1,2,17
where Е is the energy specified in MeV, cross section (E) is measured in µb,  is the reduced mass in amu, T 9 is the temperature in 10 9 K. In present calculations, the following values of particle masses m p = 
Criteria for constructing the interaction potentials
Now let us dwell in more detail on procedure for constructing intercluster partial potentials used here for a given orbital moment L, channel spin S and total moment J, by defining criteria and sequence for finding parameters and indicating their errors and ambiguities. 1, 2 First of all, we find parameters of BS potentials, which, for a given number of allowed and forbidden bound states in a given partial wave (2S+1) L J , are fixed quite uniquely by binding energy, radius of nucleus and AC in the considering channel. The accuracy, with which parameters of the BS potential are determined, is associated primarily with accuracy of AC, which is usually 10-20%. This potential does not contain other ambiguities, since classification of states according to Young diagrams makes it possible to uniquely fix number of BSs that are forbidden or allowed in a given partial wave, which fully determines its depth, and width of potential completely depends on AC value.
The intercluster potential of nonresonance scattering process by scattering phase shifts for a given number of BSs allowed and forbidden in considered partial wave, is also constructed quite clearly. The accuracy of determining parameters of such potential is connected, first of all, with the accuracy of scattering phases from experimental data and can reach 20-30%. Here, such a potential does not contain ambiguities, since classification of states according to Young diagrams makes it possible to fix unambiguously the BS number, which totally determines its depth, and potential width at the given depth is determined by the shape of scattering phase shift.
Constructing the nonresonance scattering potential from data on nuclear spectra in a certain channel, it is difficult to estimate accuracy of finding its parameters, even with a given number of BSs, although it can be expected that it slightly exceeds the error in previous case. Such a potential, as it is usually assumed for energy range up to 1 MeV, should lead to the scattering phase shift close to zero or give a smooth falling form of phase shift, if there are no resonance levels in spectra of the nucleus.
In process of analyzing resonance scattering, when a comparatively narrow resonance is present in the considered partial wave, then for a given number of BSs, potential is totally uniquely constructed. For a given number of BSs, its depth is uniquely fixed by resonance energy of level, and width is totally determined by width of such a resonance. The error of its parameters usually does not exceed error of determining width of this level and is approximately 3-5%. Moreover, this also applies to construction of partial potential from scattering phase shifts and determination of its parameters from resonance in the spectra of the nucleus.
As a result, all intercluster potentials do not contain ambiguities, to which the optical model 39 leads, and allow, in general, one to correctly describe total cross sections of processes of radiative capture. Previously, we considered more than 30 such reactions 1, 2, 17, 22 and in all cases the described criteria for constructing potentials fully justified themselves.
We emphasize once again that in construction of partial interaction potentials, it is believed that they depend not only on orbital moment L, but also on total spin S and total moment J of cluster system. In other words, for different moments of JLS, we will have different parameter values. Since E1 transitions with a change in parity between different (2S+1) L J states in continuous and discrete spectra are usually considered, the potentials of these states are different.
In addition, one of modifications of the model we use is an assumption that the intercluster potentials are explicitly dependent on Young diagrams. 3 Here it is possible that scattering states and BS have a different number of Young diagrams. In other words, if two diagrams are allowed in the continuous spectrum states, and only one in discrete spectrum, such potentials can have different parameters with the same JLS, i.e., in the same partial wave. [1] [2] [3] Therefore, when considering M1 transitions, there are cases when a transition occurs between states with the same JLS, but different {f}. 2, 3 We will dwell on these issues in more detail when considering each capture process for a specific BS.
As a result, when calculating astrophysical S-factors of the proton capture on 14 N, we consider two variants of the p 14 N system potentials. First, based on description of characteristics of scattering processes, partial potentials of continuous spectrum are constructed (see Table 1 ). These characteristics primarily include parameters of resonances located above threshold of the p 14 N channel in 15 O, i.e., in continuous spectrum. Then, based on description of binding energy and asymptotic constant for each BS, partial potentials of these states are obtained (see Table 2 ).
These interaction potentials, obtained independently from one another, are used in the first version of calculations. In the second version of calculations, interactions of BSs in the corresponding partial waves are used as scattering potentials. However, this is possible only if there is no resonance of scattering in such a partial wave. It is not possible to construct a Gaussian type potential that has resonance for continuous spectrum and BS with correct characteristics for discrete spectrum. Therefore, in this case, different partial potentials is used for scattering process, which has a resonance and describes its characteristics, and a bound state, which is obtained on basis of description of binding energy and ACs of this BS.
It is known that potential of two structureless point particles considered by quantum mechanics must be the same in continuous and discrete spectrum. However, system of nuclear particles is not structureless and even more it is not pointed. At least, therefore, question of "uniformity" of potentials of a complex nuclear system in a continuous and discrete spectrum cannot be considered as unambiguously solved.
Potentials of the p 14 N interaction in different states
We use a simple Gaussian potential of the form as in our previous works Refs. 1, 2, [16] [17] [18] 22 , for description partial intercluster interaction (in this case between a nucleon and a nucleus),
with a point-like Coulomb term, the form of which is given above. Let us now consider the partial potentials for the resonance and excited states of the p 14 N system in 15 O. As already mentioned, in processes of the elastic p 14 N scattering and spectrum of 15 O, the first resonance is at an energy of about 260 keV in c.m. above the threshold of the p 14 N channel and has a moment J  = 1/2 + . 26 As a first option, it can be matched with resonance 2 S 1/2 wave of the p 14 N scattering. Then, for a potential with the FS constructed on the basis of spectra of final nucleus, 26 the parameters were obtained, which are listed in Table 1 at number 1. With this potential, the resonance energy of level 259.4(1) keV in c.m. is found with a width of 0.98(1) keV in c.m., which agrees well with experimental data. 26 For this energy, the scattering phase shift, if we do not take into account generalized Levinson theorem, mentioned below, turned out to be 90.0 (1) . The shape of such a resonance 2 S 1/2 scattering phase shift is shown in Fig. 1b by the red solid curve. We used a wellknown expression Г = 2(d/dE) -1 for calculation the level width Г using scattering phase shift , depending on the energy E. Fig. 1b , scattering phase shifts for all potentials that are used in these calculations are given from zero degrees, i.e., in a more familiar form.
As a second option, the first resonance state can be attributed to the 4 D 1/2 scattering wave, then its parameters are listed in Table 1 under No. 2. With this potential, the resonance energy of level is equal to 260.0(1) keV in c.m. at a width of 0.97(1) keV in c.m. -for this energy, scattering phase shift taking into account the Levinson theorem was found to be 270.0(1). The shape of this phase shift is shown in Fig. 1b by the black dotted curve and almost coincides with a red continuous curve.
Considering the second resonance state, we note that we did not manage to construct the potential, assuming that the resonance at 987 keV in c.m.. with J  = 3/2 + is in 4 S 3/2 wave. Options of potentials make it possible to obtain resonance energy, but the calculated width of such resonance turns out to be much larger than observed value of 3.7 keV in experiment. 26 However, if we assume that this resonance belongs to 2+4 D 3/2 wave of the p 14 N scattering with the FS, then we can immediately find parameters shown in Table 1 under No. 4. This potential leads to the resonance energy of 987.0(1) keV with a width of 3.1(1) keV, which agrees well with experimental data, 26 and elastic scattering phase shift is shown in Fig. 1b by the solid violet curve. Table 1 shows the parameters of other resonance potentials No. 3, No. 5, and No. 6, which are also in D waves, and their phase shifts are shown in Fig. 1b , with black, green, and blue solid curves. All of these potentials were constructed in such a way as to correctly describe characteristics of corresponding resonances, i.e., their energy and width. The accuracy with which parameters of such potentials are determined, for a given number of FS N FS = 1, depends on accuracy of determination of energy and width for such resonances.
For the 5 th resonance at 2.312 MeV with J  = 3/2 -and potential No. 10 from Table 1 it is possible to describe its characteristics only at the assumption that it exists in the F wave. The variant of resonance in the P wave, as in the case of the second resonance by using for it 4 S 3/2 wave, does not allow correctly describe its width. Affection of this resonance due to its small width we will take into account only at the capture to the GS, because only in this case there are experimental data with high resolution by energy.
Options of the 2 S and 4 S scattering waves potentials that do not contain resonances, but include bound FSs, may have, for example, the parameters shown in Table 1 under No. 7. They lead to the scattering phase shifts from 180 to 179 degrees in energy range from zero to 1 MeV. For nonresonance D 5/2,7/2 scattering waves with ES, one can use potential, which leads to smoothly falling scattering phase shift from 180 to 179 degrees at energy up to 1 MeV -they are listed in Table 1 under No. 8. As already mentioned, at energies below about 3.5 MeV in spectra of 15 О there are no resonance levels of wide width that could be matched with doublet or quartet P scattering waves. 26 Therefore, phase shifts of these partial waves can be taken equal to or close to zero, and since there are no bound forbidden states in the P scattering waves, then the depth of such P potentials can simply be set to be equal to zero, as shown in Table 1 26 without FS, parameters were found, which are listed in Table 2 under No. 1. The binding energy of -7.29710 MeV was obtained with such a potential, which totally coincides with experimental value, 26 charge radius <r 2 > 1/2 = 2.63 fm, and dimensionless asymptotic constant C w = 6.9(1) over interval 10-15 fm. The error given here is determined by averaging AC over specified distance interval. The scattering phase shift for such potential smoothly decreases from 180 to 179 (since it does not have FS, but only one bound AS) in energy range up to 1 MeV. For radius of 14 N, known value of 2.560(11) fm was used. 41 The radius of 15 О, apparently, should not differ much from the radius of 15 N, for which the value of 2.612(9) fm is known. 26 The proton radius was assumed to be equal to 0.8775(51) fm Ref. 37 . The accuracy of the finite-difference method (FDM) 42 for calculating binding energy was set at the level of 10 -5 MeV. As it was shown earlier, 1, 2, 19, 22, 43 the accuracy of the FDM is fully confirmed by the variational method (VM) of the binding energy calculation. 42 The coincidence of results obtained by the FDM and VM sometimes reaches a value of order 10 -8 MeV. 18 The asymptotic constant C w we use in a dimensionless form is defined in Ref. 44 as follows
Here, W -L+1/2 is the Whittaker function, k 0 is wave number of the considered BS. 44 For asymptotic normalization coefficient (ANC) A NC for the GS of 15 
for the dimensional asymptotic constant C, taking into account reduced error interval, we obtain 7.4(1.5) fm -1/2 . In these works, definition of dimensional AC is used.
which differs from the dimensionless AC C w used here by a value 0 2k equal, in this case, to 1.07. Therefore, in the dimensionless form for the AC, we get 6.9(1.4), which agrees well with the results for the potential of the GS. In other words, potential of the GS was constructed in such a way as to correctly reproduce this value of the AC and binding energy of this level -this immediately yields correct value of the nucleus radius. Now we present the summary tables for the spectroscopic factors S f , asymptotic normalization coefficients A NC , dimensional AC C and dimensionless AC С w for five bound ESs of 15 O in the p 14 N channel, which are discussed later. Now we give the interval of possible values of dimensionless AC, which is obtained on basis of results given in the previous tables for the ANC and the spectroscopic factors of S f . 26 a charge radius of 2.48 fm, and a dimensionless AC of 1.9(1) over interval of 10-15 fm were obtained. The scattering phase shift for such potential, if we take into account generalized Levinson theorem, smoothly decreases to 357° in energy range to 1 MeV. In this case, there are two bound statesone FS and one AS. Note that the parameters of this potential were refined to correctly describe available data for the S-factor of the proton capture on 14 N to this ES in the energy region below the first resonance, i.e., at the lowest energies. Therefore, value of its asymptotic constant is somewhat below lower limit of the possible values shown in Table 6 , and not in middle of this range, as was done for GS. However, it is well known that accuracy of determination of spectroscopic factors is currently not very high and, if it is refined, it may turn out that the values obtained above totally agree with each other.
In the second case, the 1 st ES can be matched the 4 D 1/2 wave with the FS, for which parameters are also presented in Table 2 , but under No. 3. With such a potential, a binding energy of -2.11410 MeV, with a FDM accuracy of 10 -5 MeV, 42 totally coinciding with the experimental value, 26 a charge radius of 2.51 fm and a dimensionless AC of 0.4(1) in the interval of 6-20 fm were obtained. The scattering phase shift for a given potential smoothly decreases to 357 in energy region up to 1 MeV. Note that the AC value of this level, found above (see Table  6 ), was obtained under an assumption that this state is the 2 S 1/2 wave, and the potential of the 4 D 1/2 wave can lead to other values of AC. In this case, we failed to find data for the corresponding ANC and S f in the D wave for this BS. Parameters of such a potential were also refined to correctly describe available experimental data for S-factor of the proton capture on 14 N to the first ES at energies below the first resonance.
For the potential of the 2 nd ES 2+4 D 5/2 of 15 О in the р 14 N channel with an FS at E x = 5.2 MeV and J  = 5/2 + , parameters shown in Table 2 under No. 4 were found. With this potential, a binding energy of -2.05620 MeV, which totally coincides with experimental value, 26 a charge radius of 2.64 fm, and a dimensionless asymptotic constant 1.1(1) in interval of 10-15 fm were obtained. The scattering phase shift for such potential smoothly decreases to 359 in energy region up to 1 MeV. The parameters of the 2 nd ES potential were also refined to correctly describe the magnitude of the experimental S-factor at the lowest energies of 150-200 keV. Therefore, dimensionless AC of this potential is at lower boundary of possible value for this level, for which value 1.2 is given in Table 6 .
Since, the 5 th ES J  = 5/2 + have the same momentum, we consider it next. The parameters given in Table 2 under No. 9 were found for potential of this 2+4 D 5/2 state of 15 О with FS at E x = 6.86 MeV. The parameters of this potential were also refined to correctly describe magnitude of the experimental S-factor at the lowest energies of 300-500 keV. With such a potential, binding energy of -0.43770 MeV, which totally coincides with the experimental value, 26 the charge radius of 2.67 fm, and dimensionless asymptotic constant of 1.0(1) over the interval 10-15 fm were obtained. The obtained AC is at lower limit of possible values of the AC listed in Table 6 . The nonresonance scattering phase shift for such a potential smoothly decreases to 359 in the energy range up to 1 MeV.
Furthermore, for potential of the bound 3 rd ES 2+4 P 3/2 of 15 О in the р 14 N channel without FS at E x = 6.17 MeV and J  = 3/2 -, parameters are found, which are listed in Table 2 under No. 5. With this potential, a binding energy of -1.12080 MeV, which totally coincides with the experimental value, 26 a charge radius of 2.55 fm, and a dimensionless asymptotic constant 1.6(1) in interval of 10-15 fm were obtained. The scattering phase shift for such potential smoothly decreases to 178 in energy region up to 1 MeV. From the obtained results it can be seen that the AC of the potential of 3 rd ES is slightly below the lower limit of interval of values for the AC equal to 2.7, as shown in Table 6 . However, as already mentioned, the range of S f values may turn out to be somewhat larger than the one given above, so interval of the possible value of dimensionless AC can also be extended. This state can also be attributed to the bound 4 F 3/2 wave without FS -for such an option of potential, Table 2 shows the parameters under No. 6. This potential leads to correct binding energy of the p 14 N channel, a somewhat larger charge radius of 3.22 fm and a dimensionless AC equal to 2.3(1). We did not manage to find the AC values for this potential option, therefore it is difficult to judge the obtained value. The elastic scattering phase shift of this potential is in the region of 180.1(1) for energies up to 1 MeV.
For the first 4 S 3/2 potential of the 4 th ES of 15 О in the р 14 N channel at E x = 6.7931 MeV and J  = 3/2 + , the potential parameters with FS, given in Table 2 under No. 7, were obtained. With such potential, a binding energy of -0.50400 MeV, totally coinciding with experimental value, 26 a charge radius of 2.86 fm and a dimensionless asymptotic constant of 8.8(1) over the interval of 10-20 fm, were obtained. This value agrees totally with the data of Table 6 , and potential scattering phase shift smoothly drops to 350º at energy of 1 MeV.
For the 4 th ES, we can use another option, namely, 2+4 D 3/2 wave, which allows one to obtain parameters of the potential with FS, which are given in Table 2 under No. 8. Such potential leads to a binding energy of -0.50400 MeV, which coincides with the experimental value, 26 a charge radius of 3.48 fm, and AC 7.1(1) on an interval of 8-20 fm. The obtained value of the asymptotic constant is somewhat below the lower limit of possible values given above in Table 6 , which, however, were determined, as in the case of the 1 st ES, for the S wave. The scattering phase shift of this potential smoothly decreases to 358 º at proton energy of 1 MeV. 4 Р scattering waves, which do not have FS. As a first option of the potentials of such P waves (the second is discussed later), it is assumed that the potential has zero depth, as shown in Table 1 , leading to zero scattering phase shifts, then these transitions are possible ;
Astrophysical S-factors
The astrophysical S-factor for such transitions is smooth and plays role of nonresonance capture, ensuring correct behavior of the S-factor at the lowest energies. However, if we assume that resonance at 260 keV is the 2 S 1/2 scattering wave, the first peak of S-factor cannot be explained -transition from such a wave is impossible along the spin of the channel. If for this resonance with J = 1/2 + the 4 D 1/2 wave is used and for J = 3/2 + the 4 D 3/2 scattering wave, E2 transitions to the 4 th ES are possible. However, the magnitude of the first resonance, as shown below, is small, and it cannot explain the available experimental data. Thus, if we compare quartet 4 S 3/2 wave to the 4 th ES, it is not possible to describe magnitude of the main resonance at 260 keV at all.
At the same time, if we consider the transition to the fourth excited state with J  = 3/2 + , by matching it with a mixture of 2+4 D 3/2 waves, then we can consider M1 process
which leads to large cross sections at 260 keV. In addition, E1 processes from P scattering waves are also possible. ; ; 
can be considered as a simple doubling of the cross section.
Since the model used does not allow one to explicitly separate spin states, so the same wave functions mixed by spin and found in a given potential are used to calculate each part of such a process. As a result, only spin factors are different in such matrix elements. In reality, there is only one transition from scattering states to the bound 4 th ES of the nucleus, but not two different E1 transitions. Therefore, total cross section must be represented in form of averaging over transitions from the spin mixed P scattering waves to the mixed D 3/2 4 th ES of 15 O in the p 14 N channel. Such an approach, which we proposed earlier when considering transitions in the neutron radiative capture on 14 N, 2 was also used for some other reactions and allowed us to obtain good results in describing total cross sections of the capture reactions. 1, 2, 22 Therefore, total cross section of the capture process to the 4 th ES for electromagnetic E1 transitions is represented as the following combination of partial total cross sections
Here, the averaging over transitions with the same total momentum, but different channel spin is performed. For M1 transitions, you also need to perform averaging over spin of channel.
Furthermore, in Table 7 , 4 P 2 coefficients are given in above expressions for the total cross sections and for all the transitions considered below and for two options of partial waves for the 4 th ES. Table 1 . Each of this scattering potentials were constructed to describe its characteristics, for example, resonance parameters, and each BS potential were determined on basis of reproducing properties of the given state in discrete spectrum. For such "identical" states that have the same JLS, it is impossible to build the same potentials for describing scattering processes and BS. At least, this is true for Gaussian type of potentials. Therefore, we will further consider a version of calculations in which different potentials are used for such states of continuous and discrete spectrum.
Astrophysical S-factor for capture to the 4 th ES
First of all, an attempt was made to describe cross sections and S-factor of the radiative capture to the 4 th ES using processes No. 1-No. 5 from Fig. 2a by the green dotted curve, and total S-factor, taking into account transitions from the P waves, is shown by the blue solid curve. These results almost correctly describe experimental data at energies up to 3-3.5 MeV, excluding resonance region. Transition No. 5 from Table 7 with potential No. 4 from  Table 1 does not make any real contribution to values of the total S-factor, as observed in the experiment.
As it can be seen from Fig. 2a , the calculated cross sections have a resonance, but its value is substantially lower than the results of experimental measurements from Refs. 50-54 presented in Fig. 2a with different points. S-factor in the region of 50-150 keV is equal to 1.33 (8) keV·b, and at 30 keV it has a value of 1.50(1) keV·b. At energies below 50 keV, calculated S-factor experiences a rise due to a more rapid growth of permeability factor. Therefore, energies of 50-150 keV·b can be considered as an area of stabilization of its values, which can be used to linearly extrapolate results to zero energy. In fact, its value in stabilization region can be considered as an S-factor at zero energy, i.e., 1.33(8) keV·b. Table 7 is not capable of correctly describing magnitude of the S-factor at resonance energy. At the same time, transitions No. 1,2,3 from Table 7 make it possible to correctly give its value in nonresonance energy range up to 3-3.5 MeV.
Furthermore, if we use the 2+4 D 3/2 potential for the bound 4 th ES No. 8 from Table  2 , then for the total S-factor we get results shown in Fig. 2b by the red solid curvehere we considered transitions No. 6 to No. 14 from Table. 7 The black dashed curve shows results for E1 transitions from P scattering waves No. 6-10 from Table 7 Table 1 was taken into account. Accounting for this resonance leads to results that give a small maximum in resonance region at 1447 keV. The E2 process No. 12 from Table 7 , considered here, makes a contribution only at resonance energy and has a value less than 15 keV·b, at all other energies its contribution is negligible. The S-factor of this process is shown in Fig. 2b by the black dotted curve.
Calculations in Fig. 2b make it possible to correctly reproduce cross sections at the lowest energies up to 150-200 keV and correctly describe values of near-resonance Sfactor in the energy range of 150-250 keV and 270-320 keV. At resonance, calculated Sfactor reaches a value of about 3700 keV·b, in region of 50-150 keV it is equal to 1.32 (2) keV·b, and at 30 keV it has a value of 1.37 keV·b. However, at energies greater than resonance, the total cross sections go somewhat higher than available data.
Furthermore, for comparison, the astrophysical S-factor at zero energy, with results of other works, reproduce Table 1 were used for resonance scattering potential, which make it possible to correctly reproduce position and width of the first resonance at 260 keV.
An increase in S-factor values at energies above resonance can be explained, for example, by following. We were unable to find the results of phase shift analysis for the elastic p 14 N scattering. Therefore, our potentials for P waves cannot be constructed quite correctly. At the very beginning of the article it was assumed that since the spectra of 15 O do not have negative parity resonances, and P waves do not have FS, then they can be matched to the potentials of zero depth, leading to zero scattering phase shifts. However, when performing phase shift analysis, it may turn out that these phase shifts have a smoothly decreasing or increasing character at energies greater than energy of the first resonance, which can noticeably change the behavior of the calculated S-factor in this energy range. Performing such an analysis can contribute to a more correct construction of potentials of the p 14 N interactions in the nonresonance energy range and it will allow more correctly carry out similar calculations of cross sections at energies above the first resonance.
Despite Table 7 should be forbidden for identical potentials, as mentioned above, we still made calculation of such an M1 transition with averaging over the spin of the channel. In this case, different potentials are used for the scattering processes and BS, which were constructed on basis of description of characteristics of these states. The results of such a calculation are presented at the very bottom of Fig. 2b by the red dotted curve. At resonance 987 keV, value of this S-factor reaches 0.03 keV·b and practically does not affect the total S-factor, which at this energy has a value of order 1.5-2.0 keV·b. Thus, despite use of different potentials of continuous and discrete spectra, we obtain effective, numerical orthogonality of these states with an accuracy of order of 2%. In other words, potentials based on description of observed characteristics of continuous and discrete spectra turn out to be constructed in such a way that they naturally lead to orthogonality of the similar states, i.e., states with same JLS but different signs of energy of these states. Now consider possibility of using certain BS potentials for scattering potentials. Table 2 . As a result, if these parameters are used for D 5/2 and P waves, neither general picture of the S-factor description, nor its values at the lowest energies given above, do not change. Thus, presence in additional P waves and D wave of an additional allowed BS does not lead to any noticeable changes in results of calculation of the S-factor during radiative capture to the 4 th ES.
Astrophysical S-factor for capture to the second and fifth ES
We now consider results of calculations for the astrophysical S-factor in case of the proton capture on 14 N to second and fifth excited states of 15 O. Previously we considered them also in Ref. 
Here, averaging over transitions with the same total moment, but different channel spin is also carried out.
As in the previous case (see Table 7 ), for transitions from 2+4 D 5/2 scattering waves, matrix elements are considered to be equal to zero due to orthogonality of the WF of discrete and continuous spectrum when using the same potentials for them, for example, 2 nd ES or 5 th ES. The partial 2+4 D 5/2 scattering wave has no resonances, we consider its phase shift close to zero, and not only parameters No. 8 from Table 1 can be used for it, but also parameters No. 4 and No. 9 from Table 2 for BS potentials. nd ES are considered to be equal to zero, since these states must be orthogonal if the same potentials are used for them. But in this case potentials of continuous and discrete spectra are different and it is necessary to show in numerical form that such transitions will not make a significant contribution to the Sfactor of the radiative capture reaction to the 2 nd ES.
Furthermore, in Fig. 3a the capture results from P scattering waves of No. 1-3 from Table 9 with potentials of zero depth No. 9 from Table 1 are shown by the green dotted curve. The blue dashed curves show the results for the M1 and E2 captures from all D waves (No. 4-9 in Table 9 ), red dotted curve shows the result for capture from 4 D 7/2 waves, blue dotted curve shows transitions from the 2+4 D 5/2 waves, and the red solid curve gives total result for astrophysical S-factor of the proton capture process on 14 N to the second excited state of 15 O, which is bound in the p 14 N channel. As it can be seen from calculated S-factor shown in Fig. 3a , its value has a resonance at energy of 260 keV (E2 transition No. 7 from Table 9 ) and 987 keV (transitions No. 4,5 from Table 9 ) and, in general, experimental data are correctly described, which are taken from Refs. 50,51. The first maximum is somewhat less than data of Ref. 50 , and the value of the second is slightly larger than measurement results from Ref. 51 . The calculated minimum between resonances is in good agreement with experimental results 51 and is totally determined by S-factor for capture to the second ES from the P scattering waves No. 1-3 from Table 9 .
For transitions from other D 3/2 scattering waves with potentials No. 5,6 from Table 1 , resonances are also observed and heights of both are noticeably greater than the measurements from Ref. 51 . The S-factors of the E2 transitions from 4 D 1/2 waves at 260 and 1447 keV are shown in Fig. 3a with the green dashed curve. The calculated resonance for the E2 process at 1447 keV with potential No. 3 from Table 1 , which was not observed in the experiment, 51 has almost no significant contribution to the total S-factor. The contributions from 2+4 D 5/2 wave transitions are 0.015 keV·b at 5 MeV and do not lead to any changes in total the S-factor of this process.
In other words, this process leads to numerical results for the S-factor tending to zero. Here, apparently, it should be repeated that potentials based on description of observed characteristics of scattering and BS processes are constructed in such a way that they usually lead to numerical orthogonality of identical states, i.e., states with same JLS in continuous and discrete spectrum. In other words, contribution of such a transition is order of 1-2% at the highest energies of 5 MeV and does not lead to a real change in magnitude or shape of the S-factor.
The calculated S-factor shown in Fig. 3a has a value of 0.11(1) keV·b at energy of 50-200 keV, and 0.11 keV·b at 30 keV. The error is determined by the averaging of the S-factor in specified energy range. For comparison, we present some experimental values of the S-factor at zero energy for capture to the second ES. In Ref. 27 Table 2 is used for the P 3/2 scattering wave (potential No. 9 from Table 1 is still used for the P 5/2 wave, since there is no bound allowed state for it), then the general form of description of experimental data remains almost unchanged. However, results for the S-factor with capture from P scattering waves, shown in Fig. 3b by the green dotted curve, are somewhat reduced.
For S-factor at 30 keV, 0.074 keV·b is obtained, in energy interval of 50-200 keV its values are equal to 0.72(2) keV·b -this value can be considered as its value is at zero energy. Such results are in better agreement with data of Ref. 50 , where 0.070(3) keV·b is presented. Thus, using correct potential of the P 3/2 scattering wave, results are obtained that are in better agreement with available experimental data.
Astrophysical S-factor of the capture to the 5 th ES
Let us now consider E1, E2, and M1 transitions to fifth ES of 15 Table 2 are given. The types of transitions are shown in Table 9 , and results of calculation the total capture S-factor are shown in Fig. 4a by the red solid curve. The blue dashed curve shows calculation results for the capture from all resonance D waves, and green dotted curve shows the results for the capture from P scattering waves with zero potential No. 9 from Table 1. In all these calculations, same scattering potentials were used as in previous case for the first option of calculations in capture to the 2 nd ES. Table 9 , is now hardly noticeable and, in fact, is within error band of the first experimental data point of Ref. 51 . Its value is only 0.007 keV·b and strongly depends on level of binding energy, which in this case is about five times less than the energy of the 2 nd ES, as given in Table 2 .
Calculated S-factor shown in Fig. 4a at an energy range of 50-200 keV has a value of 0.039(1) keV·b, which can apparently be considered as its value at zero energy, and at 30 keV it is equal to 0.04 keV·b. The error is determined by the averaging of S-factor in the specified energy region. In Ref. 27 , the S-factor for zero energy is given when it is captured to the fifth ES and 0.042 (7) Thus, for this reaction, on basis of the approach used, it is quite possible to correctly describe behavior of the experimental S-factor for transitions to the 2 nd ES and 5 th ES of 15 О in the p 14 N channel. 8 The equality to zero of the depth of P potentials leads to the correct description of the S-factor between resonances and above the second resonance, practically not overestimating its value, as it was in the case of capture to the 4 th ES. One has to use the potentials of D scattering waves for two resonance scattering states, as in previous cases, which differs from results of, for example, Ref. 27 and comparisons given in it with other works. It was previously believed that resonance S scattering waves correspond to these two states. 27, 47, 48, 50, 51 But as already mentioned, for example, in the S wave it is generally impossible to construct resonance potential at 987 keV with required characteristics.
Here once again it is necessary to note that parameters of the potentials of the 2 nd ES No. 4 and 5 th ES No. 9 from Table 2 were refined for a more correct description of the S-factors at low energies. In essence, the task was to find such a BS potential, which is able, in general, to correctly describe all main characteristics of this state and S-factor at low energies. At the same time, parameters of potentials of resonance scattering waves were constructed solely to correctly describe characteristics of such resonances. In a process of calculating the astrophysical S-factor of the proton capture on 14 N, their parameters did not change at all. Furthermore, if real potential of the 3 rd ES No. 5 from Table 2 is used for the 2+4 P 3/2 waves, then overall picture of the S-factor description does not change, only its value at 30 keV becomes equal to 0.037 keV·b, and in energy range 50-200 keV varies in interval 0.035(1) keV·b. Using instead of the D 5/2 scattering wave No. 8 from Table 1 , potential of the fifth ES No. 9 from Table 2 leads to the S-factor of this transition of the order of 10 -9 keV·b in entire energy range. Here we see numerical orthogonality of such states. These results are shown in Fig. 4b with same curves as in Fig. 4a . In this case, it can be seen that use of real P 3/2 potential No. 5 from Table 2 as scattering potential for this wave does not lead to noticeable changes in shape and magnitude of the S-factor in considered energy range.
Astrophysical S-factor for capture to the first ES
Let us now consider the radiative proton capture on 14 
Capture transitions to the first ES
In first version of calculations, we can consider transitions to the first excited 2 S 1/2 state from doublet 2 P scattering waves whose potential is zero. 
S S 
, if we assume that the first resonance is exactly in the 2 S 1/2 wave. We can assume that such states must be orthogonal when using the same potentials for continuous and discrete spectrum. However, in this case, the first resonance would simply not be observed, and experiment leads to existence of such a resonance. Therefore, in this wave there are states of continuous and discrete spectrum, and the question of their orthogonality is not so unique.
However, if we compare the first ES with a pure by spin 4 D 1/2 wave, then E1 transitions from 4 P waves with zero potential are possible. The question of orthogonality of the 4 D 1/2 states of continuous and discrete spectrum are considered further. Since in both cases ES is pure by spin, averaging used earlier is absent here. Below is a summary Table 10 of all E1, M1 and some E2 transitions to the first ES and coefficients P 2 in expressions for total sections that were given above. The potentials of these partial waves in scattering processes are listed in Table 1 , and for BS in Table 2 .
Astrophysical S-factor of the capture to the 1 st ES
Furthermore, for capture to the first ES, we will consider two options for calculation of the astrophysical S-factor with different types of potentials of the first ES, given in Table 2 .
First option of calculations
When considering the radiative capture, we first proceed from assumption that the resonance at 260 keV and the first ES are related to the 2 S 1/2 wave. In accordance with the general principles, wave functions of the BS and scattering process for the same 2 S 1/2 state in the same potential must be orthogonal and transition of the M1 type No. 3 from Table 10 cannot occur, i.e., the resonance of S-factor at 260 keV simply cannot exist, although it is actually observed in experiment.
However, potentials No. 1 of Table 1 and No. 2 of Table 2 , describing these two states (1 st RS and 1 st ES), are different -both have bound FS, but potential No. 2 has another BS, which is allowed bound 1 st ES, and potential No. 1 leads to the resonance at 260 keV. We have previously considered cases when it was assumed that the potential parameters are explicitly dependent on Young diagrams {f}. [1] [2] [3] There was already a situation when there were different sets of such diagrams in BS and scattering processes, and therefore potentials could have different sets of parameters for these states. In particular, a similar situation occurred earlier only in one case, out of the 30 processes already considered, 1, 2, 17, 22 with M1 capture in the n 16 O system to the 2 S 1/2 first ES of 17 O from the nonresonance 2 S 1/2 scattering wave. 2 It was necessary to admit possibility of such a transition in order to correctly explain the total cross sections of the neutron capture on 16 O at thermal energies. It was not possible to describe any other thermal cross sections within the framework of MPCM used by us.
In this case, it could be noticed again that we do not have exact tables of products of Young diagrams for number of particles equal to 15 in the 1 + 14 channel, which we used earlier for systems of particles with А  8. 23 Thus, more accurate analysis of the states according to Young diagrams can lead to their difference for scattering and BS.
A similar explanation in this case allows us to assume presence of the M1 transition between "identical" 2 S 1/2 or 4 D 1/2 states. Therefore, here we will use different potentials of the same JLS for BS and scattering processes.
However, transition No. 3 from Table 10 , discussed above, does not allow us to correctly describe first peak of the S-factor, since it leads to a value about an order of magnitude smaller than the experiment. 50 The results of such a calculation with potentials No. 1 from Table 1 and No. 2 from Table 2 are shown in Fig. 5a with the red solid curve. The green dotted curve shows the results of calculating S-factor for processes No. 1 and 2 from Table 10 with zero P wave potentials, and the blue dashed curve shows results for Process No. 3 from Table 10 . Despite fact that at energies below the resonance, calculated curve proceeds almost according to the data of Ref. 50 , the S-factor is 0.09(1) keV·b in the range of 30-100 keV, which is much higher (4-5 times) different results for the S-factor, a summary of which is given in Ref. 27 .
In addition, second peak in the Sfactor can be obtained only by considering E2 transition No. 4 from Fig. 5a , calculated curve does not allow for the correct reproduce the magnitude of this resonance, since it leads to a peak an order of magnitude lower than the experimental data from Ref. 50 . The experimentally observed minimum of S-factor between two resonances is also not reproduced. So, assumption that first ES is a 2 S 1/2 wave does not look very conclusively.
Second option for calculations
First peak of the S-factor can be correctly described if the 4 D 1/2 states are used for both the first resonance state and the first ES, i.e., take potential No. 2 from Table 1 and  No. 3 from Table 2 and consider transition No. 8 from Table 10 . The results of such calculation, taking into account E1 transitions No. 6,7 from the P scattering waves (green dotted curve) to this level, are shown in Fig. 5b by the red solid curve. The blue dashed curve shows results for resonance M1 capture from all D waves, i.e., processes No. 8,9 of Table 10 . Only in such a case, resonance at 987 keV can be described at M1 transition (transition No. 9 from Table 10 ). It is enough to assume that this resonance is in the 2+4 D 3/2 wave with potential No. 4 from Table 1 . As a result, it could be seen from calculated S-factor shown in Fig. 5b , its magnitude has a resonance at energy of 260 keV (transition No. 8) and 987 keV (transition No. 9) from Table 10 , and accurately describe experimental data that are taken from Refs. 50,51,53. However, it should be noted that we consider second resonance at 987 keV, energy of which is taken from the review. 26 At the same time, the experimental data 51 have a maximum at 997 keV and do not agree with data 26 on resonance energy. These data have measurements of cross sections at 987 keV, but they lead to S-factor being approximately two times less than at 997 keV.
In these calculations, resonances from other D scattering waves are observed, the potentials of which are listed in Table 1 , and the results are shown in Fig. 5b . As can be seen from Fig. 5b , contribution of the second resonance from the 4 D 1/2 wave at 1447 keV is very small, and from second resonance the 4 D 3/2 wave at 2187 keV is practically not observed. However, the last, fifth resonance at 3211 keV is clearly visible against background of existing maximum of experimental data at this energy.
The calculated S-factor shown in Fig. 5b at energy range of 30-60 keV has a value of 0.020(2) keV·b, which can be considered as its value at zero energy, and at 30 keV its value is equal to 0.018 keV·b. In Ref. 27 , 0.033(25) keV·b was obtained for this S-factor, and 0.010(3) keV·b was proposed in Ref. 50 . As can be seen from Fig. 5b , our results comparatively well describe the experimental data and the S-factor at zero energy in general is consistent with results of other works, which, on average, give 0.021 keV·b.
Thus, in this reaction, on basis of the approach used, it is quite possible to correctly describe the S-factors for transitions to the first ES in the 4 D 1/2 wave of 15 О for the p 14 N channel from the first two and fifth resonance D scattering waves. It is difficult to call the reason why the third and fourth resonances are not described. In particular, the fourth resonance simply absent, and the third one is too small. However, it should be noted that experimental data from Ref. 51 Recall that potentials of D waves were used for the BS and scattering states, and this differs from results, for example, of Ref. 27 and the comparisons given in it with other works. It is usually considered that S waves correspond to these two states. 27, 47, 48, 50, 51, 53 However, as it was evident from all of the results above, a more correct description of the S-factors in the resonance range is obtained under assumption that these resonances correspond to the D scattering waves.
Furthermore, if the real potential of the GS No. 1 and the 3 rd ES No. 5 from Table  2 is used for P 1/2,3/2 waves, then overall picture of description of the S-factor does not change, only its value at 30 keV becomes 0.015 keV In energy range of 30-60 keV, it varies in the interval of 0.017(2) keV·b.
Astrophysical S-factor of the capture to the third ES
Now let us consider radiative proton capture on 14 N to the third excited state of 15 O. Previously we considered this option in Ref. 6 . This state has total moment J = 3/2 - and can relate either to 2+4 P 3/2 waves or to the 4 F 3/2 wave. As usual, at first, we consider main possible transitions to such state and ways of averaging cross sections under such E1 or M1 transitions. For such transitions, as before, we have
In addition, E1 processes are possible. ;
When averaging states with different spin for such E1 transitions, we obtain 
Furthermore, the following M1 transitions are possible ;
They also require averaging over transitions between mixed states.
Here, as usual, it is considered that cross sections
are equal to zero at similar potentials of continuous and discrete spectra. As scattering potentials, you can use parameters of potential of the 3 rd ES No. 5 from Table 2 , which lead to almost zero scattering phase shifts. Now we give summary for Table 11 of all E1 and M1 transitions to the 3 rd ES considered above and coefficients P 2 in expressions for total cross sections. Here it is taken into account that the 3 rd ES can be not only the 2+4 P 3/2 wave, but also the 4 F 3/2 state; therefore, transitions for such a variant of orbital moment are given in Table 11 under No. 11-No. 15. In this case, for the second option of the 3 rd ES potential, the transition from 4 F 3/2 scattering wave is not taken into account, since in continuous spectrum the same potential is used as for BS and matrix element of such a transition is zero.
Astrophysical S-factor of the capture to the 3 rd ES
Let us consider two options for calculating astrophysical S-factor p 14 N capture for the third ES of 15 O nucleus.
First option of calculations
With potentials given in Tables 1, 2 , resonances in D waves and 3 rd ES of 2+4 P 3/2 , Sfactor calculations for p 14 N radiative capture were performed at energies up to 1 MeV, taking into account the first 10 transitions listed in Table 11 . Furthermore, the green dotted curve in Fig. 6a shows the results of the E1 capture from S scattering wavestransitions No. 1,2 in Table 11 . The green dash-dotted line is the M1 processes from P scattering waves -No. 8,9,10 in Table 11 with potentials of zero depth No. 9 in Table 1 . The red continuous curve is the total result for the astrophysical S-factor of the capture process to the 3 rd ES.
For nonresonance D waves, potential No. 8 from Table 1 was used, for nonresonance S potentials No. 7 from Table 1 , the depth of P potentials was assumed to be zero, and the potential of the 3 rd ES is No. 5 in Table  2 . Parameters of the 3 rd ES No. 5 from Table 2 were refined to correctly describe magnitude of experimental Sfactor at the lowest energies of 119-124 keV. At these points, S-factor has values of 0.4(1) and 0.43(12) keV·b. And as can be seen from Fig. 6a , these experimental points are well described by calculated S-factor. Note that resonances above 1 MeV were not taken into account here.
As a result, as it can be seen from the calculated S-factor shown in Fig. 6a , its value has a resonance at energy of 260 keV (transition No. 3 from Table 11 However, calculated minimum between the resonances, which is totally determined by the S-factor at the capture to the 3 rd ES from S scattering waves, turned out to be noticeably larger than experimental results. As it can be seen from Fig. 6a , it is not possible to describe S-factor on the basis of the first resonance, which is totally determined by its width. At the same time, theoretical calculations of width Γ with resonance potential No. 2 from Table 1 accurately reproduce experimental value. 26, 28 Note that only with capture to this odd ES, it is not possible to correctly describe the width of the S-factor for the first resonance. In all the previous cases discussed above with the same resonance 4 D 1/2 potential, this problem was not observed. The calculated S-factor shown in Fig. 6a at energy range of 30-200 keV has a value of 0.40(3) keV·b, which can apparently be considered as its value at zero energy. The error is determined by the averaging of S-factor in specified energy range. The S-factor value at low energies is totally determined by the capture from S waves.
We present in Table 12 for comparison some experimental values for the S-factor at zero energy from other works. As it can be seen from this table, value of the calculated total S-factor obtained above in stabilization range of its values is noticeably greater than results of these works, which lead to interval 0.03-0.15 keV·b with average over interval 0.09 (6) keV·b.
Furthermore, we note that S-factor value turned out to be less sensitive to shape of the 2,4 S wave potential. The use of S potentials, for example, with parameters 420.0 MeV and  = 1.0 fm -2 , which lead to scattering phase shift of 180(1) degrees in energy range up to 1 MeV, changes value of the S-factor at 30-200 keV only to 0.44(2) keV·b. Changes in parameters of potential for P waves within relatively large limits, but so that it leads to scattering phase shifts close to zero, also have almost no effect on shape and magnitude of the S-factor. Once again, we note that in order to determine parameters of these potentials more unambiguously, results of phase shift analysis of the p 14 N scattering, which are currently absent, are required. If, for potential of the P 1/2 scattering wave, we use potential of the GS the capture S-factor from P waves will decrease somewhat, without affecting its general shape.
So, in this reaction, based on approach used and P wave in the 3 rd ES, it is not possible to correctly describe behavior of the experimental S-factor for transitions to the 3 rd ES of 15 О in the p 14 N channel. It is possible to describe only its general form, although details of calculations, for example, interval between resonances, and its values at zero energy are not reproduced. As in the previous paper, potentials of the D waves were used for resonance scattering states, which differs from results, for example, in Ref. 27 and comparisons given in it with other works. Table 1 is used, and results of calculations are shown in Fig. 6b . The green dash-dotted line is E1 transition from D 5/2 wave (No. 13 from Table 11 ), black dash-dotted curve is M1 transition from F wave (No. 14), black dotted line is E1 -the transition from D 1/2 wave (No. 11), blue dashed curve is E1 transition from D 3/2 wave (No. 12), red solid curve is sum of all transitions. As it can be seen from these results, the S-factor at low energies in the range of 30-60 keV has a value of 0.08(1) keV·b and agrees well with average value given in Table 12 . In contrast to results presented in Fig. 6a, width Fig. 6b one can see correct description of a minimum after the second resonance.
Second option of calculations
From these results it can be seen that it is preferable to use F wave as the 3 rd ES. In fact, the 3 rd ES is a mixture of three states -2 P 3/2 , 4 P 3/2 and 4 F 3/2 and the third of them seems to be the most likely to happen. In addition, potential No. 6 of Table 2 describes AC more correctly, values of which for all ES are given in Table 6 . Now we take into account three new resonances at energies from 1447 to 3211 keV with parameters from Table 1 Table 12 .
Description of three new resonances turns out to be noticeably worse than it was when considering previous capture reactions to other ES. In contrast to previous processes, here for the first time we have a state with negative parity. All previous BS had positive parity and, apparently, related to the D waves. So, results presented in Fig. 6b and especially Fig. 6c at the radiative capture to the negative parity BS describe available experimental data noticeably worse than they did in previous cases.
Astrophysical S-factor for capture to the GS
Here we consider two options of calculations with different GS potentials of 15 O in the p 14 N channel. In the first case, potential of P 1/2 wave is used for the GS, and in the second case we will take into account possible excitation of the 14 In this case, E1 transitions take the place between 2+4 D 3/2 mixed by spin scattering states and also mixed by spin 2+4 P 1/2 GS. Therefore, the total cross section of capture process to the GS of 15 O for E1 electromagnetic transitions from 2+4 D 3/2 waves are represented as following combination of partial cross sections
Here, as before, averaging over transitions with the same total moment, but different spin of channel is performed. In this case, total cross section of the process of capturing to the GS for electromagnetic E1 transitions are presented in form of following combination of partial sections 
In addition, one can consider M1 transitions between P waves of continuous spectrum and the 2+4 P 1/2 GS of nucleus.
Here we also make averaging over transitions between mixed states.
If we use further for 2+4 P 1/2 scattering states the same potential as for the GS, the M1 transitions between them become impossible, since their wave functions turn out to be orthogonal, and matrix elements of first term lead to zero sections.
Furthermore, we present a summary Table 13 of all E1 and M1 transitions to the GS considered above without taking into account transitions from 2+3 P 1/2 waves and coefficients P 2 in expressions for total cross sections given above. 
First option of calculations
Let us first give some experimental values for the S-factor at the capture to the GS of 15 O, which are grouped in Table 14 . In one of the most recent studies on behavior of astrophysical S-factor of the proton capture on 14 N, including the capture to the GS, 54 the smallest of all 0.19(5) keV·b is given. From these results, we obtain range of values of 0.08-0.57 keV·b, which gives an average over interval value of 0.33 (25) keV·b. If we average 7 given values, we get an average value of 0.29 keV·b. As it can be seen, scatter of values and their errors are quite large, which currently does not allow us to make an unambiguous conclusion about value of S-factor at zero energy. The experimental data for the astrophysical Sfactor at energies up to 1 MeV are taken from Refs. [50] [51] [52] 56 and are shown in Fig. 7 by different points.
From Fig. 7 , it is clear that only last two points from Ref. 50 undergo rise at the lowest energies, although it is difficult to say up to what values this rise can leadexperimental errors are too large. This is the reason for such a large scatter of the Sfactor values at zero energy, obtained in works given above. The errors of these points at 119 and 124 keV give a lower S-factor value of 0.01 keV·b. This value is below than previous point for 157 keV, which is located at 0.015(4) keV·b.
If you do not take into account rise of these points, then S-factor value, at least, its lower value, can be approximately at 0.01 keV·b, and upper value, taking into account these two points, can reach a value of 0.5 and even 1.0 keV·b. In fact, ambiguity of such results reaches two orders of magnitude and only that, simply "requires" new experimental measurements to be carried out with higher accuracy. 57 From available experimental measurements, all possible information has already been extracted, which, as it was shown above, leads to very large S-factor ambiguities in the range of low and zero energy.
Furthermore, with potentials given in Table 1 and Table 2 , which have resonances in the D waves of scattering, nonresonance S and P waves, calculations of the astrophysical S-factor for the proton radiative capture on 14 N to the GS in the 2+4 P 1/2 waves were performed at energies up to 1 MeV. All 7 transitions listed in Table 13 were taken into account in calculations. As it was already mentioned, transitions between 2+4 P 1/2 states lead to zero matrix elements, since they used potential No. 1 from Table 2 , both in the GS and in scattering processes.
In Fig. 7 Table 1 . The red solid curve shows total result for astrophysical S-factor of capture process to the GS, taking into account capture from all scattering waves considered above.
As a result, as it can be seen from Fig. 7 , the value of calculated S-factor has a resonance at energy of 260 keV (transition No. 3 from Table 13 ) and 987 keV (transitions No. 4,5), however, both maxima are much higher than the results of experimental work. At the same time, S-factor of capture from P-scattering waves is in error region of last two points of work Ref. 50 . Magnitude of calculated S-factor in the first resonance reaches 3.7 10 6 keV·b, in the second 5.4 10 3 keV·b. Moreover, such increase in values has exactly S-factor in capture of scattering from D waves, which is shown in Fig. 7 by black dotted curves. At energy of 30 keV, astrophysical S-capture factor from S waves has calculated value of 7.5 keV·b, and for a P wave it is 0.03 keV·b -this value agrees well with experiment at low energies. Experimental values of the S factor in the resonances are respectively 293 keV·b at 259 keV Ref. 50 and 48 keV·b at 990 keV Ref. 56 .
Potentials of S and P waves used in calculations lead to zero scattering phases, but if we slightly change their parameters, it does not lead to any significant changes in calculation results. For comparison, potential of S-waves of zero depth was used, which led to decrease in S-factor to magnitude of 5.9 keV·b. With arbitrary change in potential parameters of GS, even to a width of 12 fm -2 , which leads to dimensionless AC equal to 0.45 (5) , results of calculations still do not allow us to correctly describe the experimental S-factor. With minimum energy of 30 keV, the S-factor value will decrease only by two orders of magnitude with sharp rise in the same shape as shown by continuous curve in Fig. 7 . The magnitude of the first maximum is also not described, although the second calculated maximum is lower than it is in experiment. As a result, it can be seen that any potentials used in the work do not allow us to correctly describe even order of the experimental S-factor.
Let us now consider possibility of describing the first resonance at 260 keV using resonance 2 , and all other potentials do not change. In this case, calculations lead to the S-factor at energy of 30 keV, which is an order of magnitude greater than the results shown in Fig. 7 by the red solid curve. Also magnitude of the first resonance also slightly increases. From these results it can be seen that usage of this option of potential parameters also does not lead to improvement in description of experimental data in entire energy range.
Since we do not have ability to accurately classify states according to Young diagrams, it can be assumed that number of bound forbidden states in the GS is not correctly determined. Therefore, it is possible to construct two other options of GS potentials with one and two FS, so that their ACs are approximately the same. In this case, parameters 209.60479 MeV and 0.2 fm for AC = 6.1 were obtained for the GS potential with one FS. For the second option with two FS, parameters 381.3004 MeV and 0.2 fm were obtained with AC = 8.3. However, usage of such potentials led in both cases to an increase in S-factor at 30 keV to approximately 30 keV b.
As a result, we can conclude that, within framework of an approach we used, we could not find a definite explanation for experimental results obtained. For calculations of capture from the resonance D waves, the same potentials were used, which earlier allowed us to explain capture processes for all five ES. Therefore, reason for this discrepancy between results of calculation and experiment can only be in the GS potential. Some reason strongly reduces amplitude of WF of the GS, 9 which leads to experimentally observed values of the astrophysical S-factor.
Second option of calculations
However, there is a way to explain order of magnitude of the experimental S-factor at low energies. Moreover, two-body MPCM, described particularly in Refs. 1,2,16-18,22, is still used, with one additional assumption. Namely, it is sufficient to assume that 14 [16] [17] [18] [19] 22) , main contribution was made only by the first member of this expansion, i.e., the coefficient  was predominant. In this case, we first encountered, apparently, presence of the excited 14 N * nucleus in the p 14 N cluster system, and probability of just such channel turned out to be predominant. Note that the GS in this channel that may be the 2 S 1/2 wave, however, set of possible transitions to such a state was not able to correctly describe available experimental data.
Furthermore, parameters of the Gaussian GS potential of 15 O in the p 14 N* channel were obtained, which are listed in Table 15 . In these calculations, we still believe that all scattering resonances are in D waves with the FS, for nonresonance 4 S 3/2 wave with FS, parameters are used that lead to the scattering phase shifts close to zero, and potentials in P waves have zero depth -see Table 1 . The resulting GS potential leads to charge radius of 15 O nucleus equal to 2.9 fm, and for the radius of 14 N * previous value of 2.560(11) fm was used, 41 as in the case of 14 N nucleus. Since we could not find information on asymptotic constant in such GS, potential parameters were selected to best describe S-factor at zero energy, which is entirely determined by the E1 transitions from P scattering waves with zero potential from Table 1 . When considering process of the proton capture on 14 N to such GS, the radiative transitions between scattering states shown below in Table 16 were taken into account. Capture of the M1 type from the 4 D 1/2 scattering wave to the 4 D 1/2 bound state turns out to be possible, since different potentials are used for these states. Each of these potentials describes its own set of characteristics, which belongs to these states and there is no possibility to get unique potential for them. Reason for this may be, for example, in difference of Young diagrams for such states, as it was considered earlier in Refs. 3,17. In this case, situation may be similar, since above consideration of states according to Young diagrams is only qualitative, due to lack of exact product tables of these diagrams as it was in Ref. 23 .
Results of calculations with such potentials and above considered transitions are shown in Fig. 8 . Blue dashed curve are capture processes No. 4,5,6 from Table  16 , the green dash-dotted curve is capture No. 1,2 from Table 16 and the red solid curve is their sum. Capture No. 3 is shown at the bottom by black dotted curve -it makes almost no contribution to the total S-factor. At an energy of 30 keV, the value of S-factor turned out to be 0.24 keV·b, and in the energy range of 30-110 keV, this value is of 0.26(2) keV·b. As it can be seen from Fig. 8 , calculated value of the first resonance turns out to be somewhat larger than experimental data, reaching a value of 9.5 10 3 keV·b, with an experimental value of 292 keV·b. 50 The width of the first resonance as a whole is correctly described, but in the range of lowest energies the calculated S-factor goes noticeably higher than data, 50, 52 although its value in stabilization region of its values, which we consider to be zero energy, totally coincides with results of works listed in Table 14 . This value is provided by the capture from P scattering waves with potentials of zero depth, as shown in Fig. 8 by the green dash-dotted curve.
From Fig. 8 one can see a good description of value of the second maximum at 990 keV equal to 40 keV·b with an experimental value of 48 keV·b. 50 In interresonance energy range, the calculated S-factor is generally consistent with measurements, 54, 56 especially in the second resonance region. Although rate of decrease of the calculated S-factor after the first resonance is not as strong as experimental measurements of well-known works Refs. [50] [51] [52] 54, 56 show.
Magnitude of the third resonance turns out to be an order of magnitude larger than available data, and the fourth resonance agrees well with measurement results. 56 As it can be seen from Fig. 8 , experiment simply lacks data for the third resonance in the 4 D 1/2 wave at 1447 keV in c.m. Although in the range of this resonance S-factor undergoes a slight rise, it is certain that at resonance energy cross section measurements were not performed. 51, 56 The fifth resonance is also present, and its height is consistent with the data of Ref. 51 , but minimum between it and previous resonance is described relatively poorly. This result is also due to the S-factor behavior in the case of E1 capture from P scattering waves -green dash-dotted curve in Fig. 8 . Potential of these waves was assumed to be zero, but at 2-3 MeV this assumption is no longer correct.
In this version of calculations, question of parameter's uniqueness of S and P scattering wave potentials remains open. In absence of results of the phase shift analysis of the p 14 N elastic scattering, even knowing number of BS in each of these partial waves, it is impossible to totally unambiguously construct such potentials. However, direct verification showed that results of calculations of the astrophysical S-factor weakly depend on parameters of these potentials, only the condition that partial scattering phase shift value close to zero is important. But still, to construct more correct potentials, we need results of the phase shift analysis of the p 14 N elastic scattering. Thus, assumption made by us about possibility of the excited state of the 14 N * cluster at energy of 5.69 MeV with moment J = 1 -in 15 O makes it possible to describe experimental results of the astrophysical S-factor of the proton radiative capture on 14 N at low energy range. Perhaps, here it is necessary to take into account not only this cluster channel in the considered excited 14 N * state, but also other permissible excitations of 14 N. However, it is already clear from these results that this particular channel with considered excitation of 14 N nucleus is predominant and makes the greatest contribution to the astrophysical S-factor of the proton capture process on 14 N to the GS of 15 O.
Total S-factor and reaction rate
Now we can show all S-factors on the same figure, and summing them up, get the total S-factor for capturing to all considered BSs of 15 O. These results are shown in Fig.9a,b , and sum for all transitions is shown by the red solid curve. It also presents, apparently, the most recent experimental data from Ref. 58 , which lead to the value of S-factor at energy of 70-108 keV in interval 1.68-1.77 keV·b, with average value of 1.73(4) keV·b. For zero energy, Ref. 58 gives 1.74 ± 0.14 (stat) ± 0.14 (syst) keV·b. Our calculations in the energy range of 30-100 keV lead to the S-factor of 1.78-1.85 keV·b with an average of 1.82(4) keV·b. In addition, the estimated error may appear to be about 5%, i.e., about 0.1 keV·b. Only two first resonances were taken into account for S-factors and are shown in Fig. 9a , because just those most strongly influence to the reaction rate.
For a better presentation of measurements and calculation results at the lowest energies Fig. 9b , which covers energy range up to 250 keV is shown. As it can be seen from Fig. 9 , there is a good agreement between new data of the total S-factor from Ref. 58 (blue dots) and results of our calculations at the lowest energies. Fig. 9 also shows the results of Ref. 46 , which are shown by the green triangles. Our calculations also agree well with them in low-energy range. Although, as it can be seen in Fig. 9b , at energies above 150-200 keV, a more rapid growth of calculated S-factor is observed compared to results of Refs. 46,58, which may indicate to a greater width of resonance obtained in the calculations. Based on S-factors obtained for capturing to all BSs shown in Fig. 9 , it is possible to calculate reaction rates that correspond to such captures -they are shown in Fig.  10 in temperature range from 0.01 to 10 T 9 . To calculate the reaction rate, the S-factors were used in the range from 10 keV to 5 MeV with a step of 10 keV. Since, the calculation of S-factor for all transitions started from 30 keV, then for energies of 10 and 20 keV, the average calculated S-factor was taken for capture to each BS. Total capture rate to all BSs is shown in Fig. 10 by the blue solid curve and was calculated for 1000 points with a step of 0.01 T 9 in indicated temperature range. Fig. 10 shows a comparison with results of other works. In particular, results obtained for reaction rate in Ref. 27 , which are represented by the red dots, are shown. They do not differ fundamentally from our data, except for the range of protrusion of reaction rate, which in our calculations is more powerful. Additionally, results of the reaction rate from Ref. 31 are shown by the blue squares. In addition, in Fig. 10 , black rhombus and green triangles show reaction rates obtained in Refs. 14,46.
The small difference between these results and ours in the 0.1-3.0 T 9 region is apparently due to the fact that we are not always able to correctly describe S-factors, for transitions to some BSs. In the range of average energies calculated values turn out to be higher than experimental data. In Refs. 27,31,46,58, results of R-matrix parametrization of the S-factors were used to calculate reaction rate, which more accurately describes results of experimental measurements. 15 O allowed us to describe experimental data for capture to this BS, in general. It was possible to correctly describe not only the shape of the S-factor of such capture, but also order of its values. Note that this is the first case when in the framework of the MPCM it was necessary to use concept of an "excited cluster". Previously, on the basis of MPCM, we were able to describe the main characteristics of more than 30 reactions of radiative capture types like in Refs. 1,2,16-18,22,60,61 without going beyond basic states of clusters in the considered nuclei.
